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(54) Thromboresistant coating using silanes or siloxanes 



(57) Coatings are provided in which biopolymers 
may be covalently linked to a substrate. Such 
biopolymers include those that impart thromboresistance 
and/or biocompatibility to the substrate, which may be 
a medical device. Coatings disclosed herein include 
those that permit coating of a medical device in a 



single layer, including coatings that permit applying 
the single layer without a primer. Suitable biopolymers 
include heparin complexes, and linkage may be provided 
by a silane having isocyanate functionality. Plasma 
deposition and solvent swelling techniques are 
described as preferred methods of depositing a 
derivatized silane or a silane-heparin coating. 
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Description 

Background of The Invention 

1. Field of the Invention 

[0001] This application relates to the field of medical devices and more particularly to the field of 
thromboresistant coatings for medical devices. 

2. Description of Related Art 

10 r00021 Arteriosclerosis is a condition that detrimentally affects many individuals. Untreated, arteriosclerosis 
S Ld to swere consequences including heart damage, heart attack and death. Known treatments for 
SiJsclerosis nav had Sd success. Transluminal balloon angioplasty, wherein a balloon .s inserted via a 
SpMnfoIhe Irtenf of the patient and expanded, thereby simultaneously expanding the partially closed artery 
^T^oSX^^SSm treatment for' arteriosclerosis, but long-term benefits of balloon angioplasty 

15 are limited by the problems of occlusion and restenosis, which result in re-closure of the artery. 

KoT A variety of intravascular stents and prostheses have been developed to support diseased artenes and 
herebv inhibit arterial closure after angioplasty. In particular, expandable intraluminal stents have been 
developed I? which a catheter is used to implant a stent into the artery of the patient in a minimally invas,ve manner _ 
foS Like other foreign bodies placed into arteries, stents can result in coagulation or thrombosis ,n the 
^avascular environmen? Thrombosis can inhibit blood flow through the stent, diminishing its effectiveness or 

20 2 riusTdSrS can threaten the life of the patient. Accordingly, methods of reducing thrombotic activrty 
have been sought to reduce the negative side effects caused by certain stents. ^n^/tm, 
[00051 A number of coatings have been developed for medical devices that are intended to promote compataMrty 
between a oartclar medical device and the environment in which the medical device resides. Some of these coatings 
knoT as t^ZSSnX coatings, are intended to reduce the thrombosis often assocated with insertion of a 

?s foreian object such as a medical device, into the interior of the body. 

Sool! Heparin or heparinic acid, arteven, or leparan, is a glycosaminoglycan with well-known anticoagulant 
cS Hepa^Tbtosynthesized and stored in mast cells of various animal tissues 

and out Heparin is known to have antithrombotic activity as a result of its abihty to bind and i activate 
antithrombin III a plasma protein which inhibits several enzymes in the coagulation cascade. It has been hoped that 
heparircoatings by inhibiting thrombogenesis, can improve the therapeutic outcomes derived from intra-vascular 

30 jS? ^ Howe^ ^heparin coatings are subject to a number of defects, including incompatibilrty with the 
oSsm and™ m^roscopic features of the surface to be coated, excessive thickness, difficulty ,n app.cat.on 
and SfficTenf durability. For example, several known coatings are based upon , f^^'SSSl^SSS^ 
between heparin and tri(dodecyl)methylammonium chloride, wh.ch is also referred to ^ & ^^™^ e l 
hvdroDhobic interactions between the quaternary ammonium ion of hepann-TDMAC and the surface of the device uue 

35 tr fth^SXe ^taess of hydrophobic interactions, such coatings typically leach away from the substrate to which 
^JtlS^l^ffS^ coatings of this type, therefore, are not genera.ly durable enough to provide 

S Cia ' '"Xtnowf coatings comprise silanes having a pendent amino or vinyl functionality. In the fabrication 
of these coatings a base layer of siiane is applied initially to the surface, followed by the application to the 

40 baselaye of second layer comprising antithrombogenic biomolecules, such as heparin. It is necessary that the 
nendeXrouDs of the base layer of siiane be both complementary and accessible to groups on heparin. In some such 
%^?7^^LL amino functionality is applied to a substrate to^form a first layer, fo owed by 
aoDlication of heoarin in solution to form the second layer. In certain examples of this strategy, the amino 
funSalttv of the siiane base layer reacts with an aldehyde-containing heparin derivative to form a Schiff base 
Shereby cogent attach the biomolecule to the base layer. In another group of coatings o this general dass 

45 ^base layer comprising a siiane with a vinyl functional group is applied to a surface, followed by covalent 
attachment via free radical chemistry, of a heparin-containing derivative to the base layer. 

[S] Some of the known coatings have been found lacking in bioeffectiveness and ^-^^ "2 
in these coatings utilize additional coatings of polymeric matrices comprising reactive fa^Mm 
nrorP« reauired to fabricate the polymeric matrices necessary in these approaches increases the thickness of the 
KattTKgfpirt a number of difficulties. First, thick coatings increase the profile of 

50 tte medical device n the intravascular environment. A stent with a thick profile, for example, can reduce blood 
flow thereby undermin ng he therapeutic benefit of the stent. A thick coating may also render the coating rtself 
n^S^TSK ^PPing. cracking, or peeling when the stent ^^fi^^^ffiS 
to intravascular forces. Any of the foregoing results of excessively thick coatings may reduce * * e an ™™ or JJ^J ! 
characteristics of the stent. Moreover, the likelihood of pitting is hypothesized to be greater >n thick coat. ngs 
r,itc in a rnatinn mav increase the susceptib I ty to ga vanic corrosion of the underlying surface, because ineir 

55 febricrfon ^ 9 A1^SS cSing. combing 9 multiple layers may also be more difficult and expense 

pO^r 301 Accordingly, a need exists for a thromboresistant coating that is thin, durable, and biocompatible, and 
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that maybe applied in a single coating. 
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Summary of the Invention 

[0011] Coatings are provided herein in which biopolymers may be covalentiy linked to a substrate. Such 
biopolymers include those that impart thromboresistance and/or biocompatibility to the substrate, which may be a 
medical device. Coatings disclosed herein include those that permit coating of a medical device in a single layer, 
including coatings that permit applying the single layer without a primer. It should be understood that it maybe 
advantageous in some circumstances to apply double layers of the coatings, such as to cover an area of a medical 
device that is used to hold the device while a first layer is applied. Thus, single, double and multiple layers of 
coatings are encompassed by the coatings disclosed herein. 

[0012] The coatings disclosed herein include those that use an adduct of heparin molecules to provide 
thromboresistance. The heparin molecules may comprise heparin-tri(dodecyi)methylammonium chloride complex. Uses 
of the term "heparin" herein should be understood to include heparin, as well as any other heparin complex, 
including heparin-tri(dodecyl)methylammonium chloride. complex. 

[0013] The coatings described herein further include those that use a silane or siloxane to covalentiy link a 
biopolymer to a substrate. The coatings include those derived from silanes or siloxanes comprising isocyanate and 
other electrophilic functionality. 

[0014] The disclosed coatings include those that can be applied without a base or primer layer. 

[0015] Coatings are also included that provide a thin and durable coating wherein the thickness of said coating 

can be controlled by application of single or multiple layers. 

[0016] Coatings are provided wherein thromboresistance activity can be modified by choice of appropriate amounts 
of heparin-TDMAC complex and silane/siloxane. 

[0017] Thin, durable coatings are provided having controllable bioactivity. 

[0018] Single or multi-layer coatings disclosed herein are designed to impart thromboresistance and/or 
biocompatibility to a medical device. In one embodiment, the coating provides for covalent linking of heparin to the 
surface of the medical device. 

[0019] One costing formulation of the present invention initially consists of heparin-TDMAC complex, organic 
solvent and silane/siloxane. Wetting agents may be added to this formulation. A silane or siloxane is chosen that 
has an optional organic chain between the isocyanate (or other functionality) and silicon atom. The isocyanate 
functionality reacts with an amino or hydroxyl group on the heparin (or other biopolymer) molecule. After the 
reaction, the formulation contains covalent adducts of heparin and silane, in addition to organic solvent and other 
additives. Unreacted silane or heparin-TDMAC complex maybe present in the formulation, depending on the relative 
amounts of the reagents utilized. 

[0020] Once the coating formulation is applied to a device, the silane/siloxane end group of the adduct 
mentioned above adheres to the substrate surface, and a network, or film, containing heparin-TDMAC complexes is 
created on the surface of a substrate. Heparin molecules in the heparin-TDMAC complex are known to have 
anticoagulant properties. When exposed to blood, heparin molecules inactivate certain coagulation factors, thus 
preventing thrombus formation. 

[0021] The direct adherence of the silane/siloxane end group to the substrate means that the coating maybe 
applied to a wide range of medical device materials without the use of a base/primer layer. The covalent bond 
between the surface and the silicon of the silane/siloxane comprising the heparin-TDMAC complex provides 
superior durability compared to known coatings. 

[0022] The coating .can be applied by dip coating, spray coating, painting, plasma deposition, solvent swelling 
or wiping: For covered devices, plasma deposition and solvent swelling are preferred modes. 

[0023] The coating can be thin and durable. The coating thickness can be controlled in a number of ways, e.g., 
by the application of single or multiple layers. Since the coating process described herein may be a one-step 
process, coating thickness is not increased as a result of the need to apply multiple layers, as in certain known 
coating methods. 

[0024] In one preferred aspect, very thin coatings of suitably derivatized silane or siloxane can be prepared 
using a plasma deposition process. Accordingly, it is a further aspect of the present invention to provide a medical 
device having a thromboresistant coating prepared by such a plasma deposition technique. 

[0025] In another preferred aspect using medical devices covered with a fluoropolymeric material, a silane or a 
silane-biopolymer is first dissolved in an appropriate organic solvent which, upon contact with the substrate, 
swells the substrate surface and carries the solute into the surface-modified substrate. Upon drying the solvent, 
the solute (either the silane or siloxane or the silane-biopolymer) remains embedded into the surface of the 
substrate thereby providing a thin coating layer with increased resistant to displacement, cracking or leaching. 
When the silane or siloxane alone, is embedded into the covering, further contact with a biopolymer creates the 
covalent thromboresistant complex. Accordingly, it is a further aspect of the present invention to provide a medical 
device having a thromboresistant coating prepared by a solvent swelling technique. 

[0026] The bioeffectiveness of the coatings can be controlled by selecting appropriate amounts of reactants.. In 
particular, the thromboresistance activity of the coating can be controlled by modifying the amount of heparin-TDMAC 
complex in the coating. 
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Detailed Description of the Preferred Embodiments 



r00271 Single or multi-layer coatings are provided herein that are designed to impart thromboresistance and/or 
biocompatibi^ to a medical device. In an embodiment of the invention, the coating provides for the covalent 

* S ° f ^ A li^n module ts understood to contain a specific art-recogn.ed pentasaccharide unit that displays 

that different formulations will provide different levels of anti-thrombogenicity. 
10 ra029i One coating formulation of the present invention initially consists of heparin-TDMAC complex, organic 
St and a sifane fr JloxTe Other biopolymers may be used in place of or in addition to hepann-TDMAC complex, 
and such ^p^« -^S^ linked to a substrate according to the present invention. Such Copolymers may 
hP those that orovide thromboresistance, or those that have other desired bioactivity. 

?0030] The Sne or siloxane provided may have functional capable of reacting with a nucleo P»e grouj 
15 °g hydi or amino group. In particular, the silane may comprise isocyanate, ^ya^ ^, anhyd de^ 
acyl halide, alkyl halide, epoxide, or aziridine functional Preferably, the silane or siloxane comprises 

i^cyanate ^«on^. ^ functionality may be linked covalentiy to any Copolymer 

ha hydroxy I or amine functional groups that can react with the isocyanate functionality of the silane or siloxane. 
0032 Th a eTe^cted Copolymer is preferably capable of dissolving in an ^.^^^ 
biopolymers that dissolve only in water. Solubility in organic solvents confers a number of advantages, e.g., 
elimination of water-mediated decomposition of the isocyanate-contaming silane. 

0033] lr Tone preferred embodiment, the selected Copolymer is heparin-tri(dodecyl)methylammon,um chlonde 



Sf X ' Wetting agents and other additives maybe added to the coatings described herein to improve the 
dherence to the s'ubSSe. to improve the ease of adding the coatings to , , subsUate ^ or "ergs^A 
variety of organic solvents may be used, including tetrahydrofuran (THF). Additives may include surface active 

«%£ ^^ThVScted silanes or siloxanes may have a linking group, such as an organic chain, between the 
isocyanate which covalentiy links to the heparin molecule, and an end om ° e f 

35 include isocya^ hexamethyldisiloxane, hexamethyldisilane, tetramethyldisloxane, 

5ST ^^^^^^ complex are known to have ^g^g^ 
45 When expose? to blood, structural elements of heparin molecules inactivate certa.n coagulation factors, thus 

preventing ^f^^^ herejn may be appljed jn a single layer . The layer can be formed by reacting 
S having socyanate functionality with a heparin in an organic solvent to form JJ^jJS 

25 lerTob^ms that' characterize some thicker coatings that require muftge Mayers J^«yJnTS 

Sr CU ' a Trera n neend groups of the monomer that yield the coatings react with oxides or hydroxy! groups on the 
« urface of SnlS steeL The stainless stee, surface may be oxideed or cleaned and pre-treated, such as w,th 

sodium hvdroxide to increase the number of appropriate sites for linking the silane end groups 

sodium hy^de. o to,nc ^ ^ ^ ^ ^ g polymef ^ polytetrafluoroeth ^ne 
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(PTFE) or expanded PTFE (TEFLON), fluorinated ethylene propylene, polytetrafluoroethylene-perfluoroalkyl vinyl ether 
copolymer, polyvinylchloride, polypropylene, polyethylene terephthalate, polyurethane. polyureas, fibrins, broad 
fluoride, silicone and other biocompatible materials, exposure to organic solvents can swell the surface in a 
"spongelike" manner. A PTFE substrate, or other cellular polymeric substrate, when exposed to a solution of a 
thromboresistant material, such as heparin-TDMAC, in a suitable organic solvent will swell to contain the solution. 
Upon drying and/or vacuum removal of the solvent, what is left behind is a substrate surface which contains heparin- 
TDMAC in an inwardly decreasing concentration gradient of an interpenetrating network. 

[0041] Suitable solvents include alcohols such as 2-propanol, aromatics such as toluene or xylene, acetone, DMF, 
ethers such as THF, dimethylacetamide, CH 2 CI 2 , hexane and Freon. It is also contemplated that mixtures or blends 
of solvents will be preferred based on the chemical and/or physical properties of the thromboresistant coating 
material or the covered medical device. 

[0042] Bonding of the silane or siloxane to the covered substrate surface of the medical device can also be 
accomplished by plasma deposition. Plasma treatment is accomplished using a glow discharge ionization chamber, 
whereby the substrate is placed in the chamber and the chamber pressure is reduced to a minimal level, preferably 
below about 0.1 torr, using a vacuum pump. The silane or siloxane is then introduced into the chamber in gaseous 
form until the chamber pressure reaches a desired level, preferably about 0.3 torr, and then purged again to 
preferably below about 0.1 torr to reduce contamination from ambient gases. This purge-pump cycle may be repeated 
as many times as necessary. The final desired pressure of silane or siloxane is typically from about 0.1 torr to 
about 0.5 torr and most preferably about 0.3 torr. Radio frequency power, preferably from about 10 to about 100 
watts, is then generated and applied to the gas in the chamber for a fixed period of time, preferably a period of 
about 10 to about 20 minutes. 

[0043] It is necessary to maintain a balance of four factors during the plasma treatment of the substrate 
surface in order to insure sufficient bonding and to prevent unwanted side reactions at the silane: power (wattage); 
exposure time (reaction time); gas flow rate; and chamber pressure. Variation of one of these factors may cause 
adjustment of the other factors in order to achieve the desired result The wattage should be from about 1 to about 
700 watts, preferably less than about 200 watts and most preferably from about 5 to about 60 watts. The flow rate of 
the gas in the chamber should be about 0.1 to about 500 cubic centimeters per minute (cc/min). The chamber pressure 
during treatment should be from about 0.1 to about 100 torrs, preferably from about 0.1 to about 10 torrs and most 
preferably from about 0.1 to about 5 torrs. Exposure time of the substrate surface to the chamber atmosphere varies 
according to the surface material and is typically from about a few minutes or hours to about 24 hours. Preferably, 
at 60 watts, 0.1 torr and 0.3 cc/min, a time of about 10 minutes to about 1 hour is sufficient to coat the substrate. 
[0044] A covered medical device in which a derivatized silane or siloxane has been plasma deposited can then be 
contacted with a biopolymer, such as heparin-TDMAC, under conditions in which the hydroxy! or amino groups of 
heparin react with an electrophilic functionality, such is an isocyanate, on the silane or siloxane. The resulting 
covalent attachment thereby providing the thromboresistant character to the medical device. 

[0045] The plasma deposition aid solvent swelling processes of the present invention are suitable for medical 
devices covered with a layer of biocompatible material. Preferred biocompatible materials are fluoropolymers, most 
preferably PTFE and expanded PTFE (TEFLON), fluorinated ethylene propylene, polyterrafluoroethyleneperfluoroalkyl 
vinyl ether copolymer, polyvinylchloride, polypropylene,, polyethylene terephthalate, polyurethane, polyureas, fibrin, 
broad fluoride, silicone and other biocompatible materials. 

[0046] Most preferably, medical devices prepared with the plasma deposition and solvent swelling processes of 
the present invention are "expandable" or "self-expanding" stents such as those disclosed in U.S. Parent No. 5,928, 
279, which is herein incorporated by reference in its entirety. "Expandable" stents are typically formed of spring 
metal, shape memory alloy (e.g., nickel/titanium alloy), or other material which is resiliently biased toward its 
fully radially expanded configuration or otherwise capable of expanding to its fully expanded configuration without 
the need for exertion of extraneous forces. Such stents are initially mounted in a compressed configuration via a 
delivery catheter, and once delivered, are allowed to return to the expanded configuration in which the stein was 
initially formed. As used herein, the term "expandable stent" is meant to include self-expanding stents and stents 
which return to the expanded configuration by the application of temperature. Preferably, the expandable stents to 
be coated with the plasma deposition or solvent swelling techniques of the present invention are covered with a 
fluoropolymer. 

[0047] To improve hydrolytic stability, non-functional silanes can be added to the formulations disclosed 
herein. Other silanes may be used to link to substrates, such as trihalosilanes, and silanes having methoxy and 
ethoxy groups. Silanes having triethoxy, trialkoxy, trichloro, and other groups maybe provided to yield the covalent 
linkages present in the coatings disclosed herein. The non-functional silanes may be selected from the group 
consisting of chain alkyltrialkoxysilanes and phenyltrialkoxysilanes 

[0048] In an embodiment, the amount of functional silane is preferably selected to provide substantially 
complete coverage of the substrate surface; that is, it may be desirable to have the single layer cover all of the 
surface that would otherwise be exposed to the environment in which the substrate will be placed. 
[0049] The adherence of the silane end group to the substrate means that the coating may be applied to a wide 
range of medical device materials without the use of base/primer layer. The covalent bond between the heparin-TDMAC 
complex and the substrate provides a thin and durable coating. The coating's thickness can be controlled, e.g. by 
choice of the length of the chain connecting the silane and isocyanate functionalities. 

[0050] The bio effectiveness and/or biosotivity of the thromboresistant coating can be controlled by selecting 
appropriate amounts of reactants. In particular, the thromboresistance activity, of the coating can be modified by 
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modifying the amounts of heparin-TDMAC complex and silane in the coating. 

[0051] Single layers have further advantages in that problems may arise in the extra steps required for the 
deposition of multiple layers. For example, dust or other particulates may appear between coatings in two-step 
SeVses Also apJlLtion of a second layer may tend to reduce reactivity of the first layer in an unpredictoble way. 
[0052] Coatings of the present invention may be applied to medical devices that are placed in the body of a 

' human or that remain outside the body. Coated medical devices that are placed in the human body may include stents, 
SioS" other devices. Coated medical devices that remain outside the human body may include 
tula for the transport of blood and vessels for the storage of blood. Substrates or medical devices on which the 
coati?as described I herein may be applied can include a wide variety of materials, including stainless , steri nrtinol, 
tantaS SSamE nickel, titanium, aluminum and other materials suitable for manufacture of a medical device. 

w [0053] ' The coatings disclosed herein may further include a film-forming agent for the coating. The Am-fonnino 
aoents could slow any leaching of the biopolymer from the coating. The film forming-agent could be added in a second 
lav? or dissolved simultaneously with the silane and the biopolymer. Appropriate film-forming agents could nclude 
celfuiose este s polydialkyl siloxanes. polyurethanes, acrylic polymers or elastomers, as well as biodegradable 
powers Si as polylacti/acid (PLA), polyglycolic acid (PGA), copolymers of PLA and PGA, known as PLGA, poly(e- 

caprolactone), and the like. . __ K „_ t 

15 [0054] To create coatings of the present invention, the silanes and heparin complex are dissolved in a sofcent 
which may be an organic solvent The solutions preferably should be substantially anhydrous, because water tends to 
Set vSh isocyana SI group* of the silane molecule. The water may be added after mrcing the silane-isocyanate with 
heDariTln S embodiments, the silane and heparin are combined in solution, the resulting solution is aged for 
about one day the pH is adjus ed with a weak acid, and then water is added to hydrolyze silane. The pH of the 
Son may be adjusted w?h aqueous acetic acid. Instead of adding water, it is possible to hydrolyze the s ane 
20 groups by exposure to moist atmospheric conditions. It is desirable to mix the silane and hepann complex in a 
manner so as to include a slight excess of heparin molecules, so that all of the isocyanate ,s reacted, preventing 
advene reactions between the isocyanate and any water. Moreover, it is desirable to have a single heparin reac 
wfth each sSane isocyanate functional group; this goal is most easily accomplished by starting with an excess of 

, s raSST Based on experimental results, it was found that, in certain embodiments, solutions of about two-tenths 
percent heparin complex and about five-tenths percent slime provided effective coatings. However, coatings in a 
Sy Sde range may be effective. Thus, coatings are likely to have some effectiveness incases in which hepann 
compe ls present in concentrations ranging from about one-tenth of a percent to about twenty percent Coatings 
with heparin in concentrations of less than ten percent may be preferable in some formulations. Coatings wrth 
Sari Mn conceptions of less than five percent may be preferable in other formulations. Coatings may be 
30 expected to be effective in formulations in which silane is present in a wider range of concentrations as well, 
including concentrations ranging from about one-tenth of a percent silane to about twenty percent silane. 
0056 The thromboresTstant characteristics of heparin coatings can be assessed quahtatively and vjrt*^ 
so that methods can be developed that provide uniform coating with a desired amount of bioactivrty. Successfully 
hepaSized surfaces give a purple stain when exposed to toluidine blue. After coating, the surface ,s exposed to a 
sllfne solution for a number of days or weeks, and thromboresistance activity is measured as a function of time^ 
35 Stents and I coupons coated as disclosed herein were shown experimentally to display long-ljyed thromboresistant 
properties- bioactivity persisted for periods on the order of months, and it will probably endure much onger 
[0057] ' The heparin activrty of a sample may be quantified based on its ability to inactivat e thrombin To 
ouantifv heoarin activity in experimental assays, heparin may be first mixed with human antithrombin III which 
SSfto create a coSx The heparin-antithrombin III complex can then be mixed with thrombin to produce a ternary 
,n comolex comprising heparin thrombin, and antithrombin. The heparin then departs this complex and is free to react 
40 agahvvith aTa able antithrombin and thrombin to create additional thrombin-antithrombin ^"^^^M 
acts as a catalyst for the. antithrombin-mediated deactivation of thrombin. The reaction of the active thrombin still 
S in the solution with a substrate produces a proportional amount of p-nitro aniline exhibiting color. Thus an 
assa! may be conducted for a spectrophotometry analysis of color, to determine the amoun of thrombin left n 
sotutfo ^ The more ^thrombin left in solution, the lower the bioactivity of the heparin. A low level of thrombin in 
45 so u on indicates a hiTdegree of catalysis of the thrombin-antithrombin reaction, which indicates a h.gh level of 
t Smbo resistance pSed by the heparin A baseline comparison for the assay is the very slow reaction of thrombin 
anXroS ?n ^?he P £nce of heparin The results of the assay can be quantified using spectrophotometry The 
assav mimics th ^ reactions that occur in the human bloodstream, where thrombin and anti-thrombin circulate at aH 
times ~ actioJ beteen antithrombin and thrombin in the body, which is catalyzed by the hepann of the coatings 
of the present invention, helps suppress the coagulation that results from thrombogenesis on a medical device. 
50 [0058] Various methods of making coatings of the present invention are possible, and examples of such methods 
and certain resulting coatings are as follows. Such methods and coatings are disclosed by way of example, and are 
no^lntend n ed to limiting 9 as other examples may be readily envisioned by one *.«*2fJ^*^™. 
fnliowina examples include methods of providing coatings of the present invention in a single layer, without the 
neeTfor s "$Sr laye? as well as methods 9 of controlling the bioactivity of the resulting coating. In some 
. e instances, experimental results are provided showing sustained bioactivity for the particular coating. 

r00591 Coatinos can be applied in a wide variety of conventional ways, including painting, spraying dipping, 
lapor depos^l TS** growth' plasma deposition, solvent swelling and other methods known to those of ordinary 



skill in the art. 
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[0060] To test coatings disclosed herein; infrared scans were performed to demonstrate changes in the isocyanate 
functionality, through observation of the isocyanate peak (NCO, 2260 or 2270 cm-1) over time. Isocyanatosilane was 
formulated with different components, including heparin-tridodecylmethylammonium chloride complex(Heparin-TDMAC 
complex), tetrahydrofuran (THF) and Triton (an optional, surface active agent) in solution to determine whether the 
intensity of the isocyanate peak changed over time. Table 1 shows the observation of the isocyanate functionality 
for different solution constituents: 



TABLE 1 


Solution 


Observation 


1)Silane + THF 


No change in peak with time 


2) Silane + THF + TDMAC 


No change in peak with time 


3) Silane + THF + Triton 


No change in peak with time 


4) Silane + THF + Heparin-TDMAC 
complex 


Peak disappears with time depending on the concentration of silane and 
heparin-TDMAC complex 



The observation that the isocyanate peak disappears with time in the solution that includes silane, THF and Heparin- 
TDMAC complex suggests that a reaction occurs between functional groups on heparin and the isocyanate group of 
silane. 

[0061] In embodiments of the present invention, the coating formulation contains the following constituents, 
which may vary in concentrations in different embodiments: Heparin-TDMAC complex, an organic solvent, such as THF,' 
a silane, such as 3-isocyanatpropyl triethoxysilane (OCN-(CH 2 ) 3 -Si(OEt) 3 ), and Triton (x-100). In a first embodiment! 
a solution of these constituents was mixed and allowed to sit in order to permit a reaction to occur Allowing the 
solution to sit for one day allowed the reaction to occur, but shorter reaction times may well be effective. Before 
coating the substrate with the solution, the pH was adjusted. Solutions of the above constituents were adjusted to a 
pH between 4.5 and 5.5 using a solution of acetic acid and water. After adjusting pH, it is desirable to wait for a 
period of time, such as fifteen minutes, before applying the coating. Once the coating was applied, it was dried in 
air and cured in an oven. In particular, coatings of the above constituents were dried in air for about twenty 
minutes and then cured in an oven at eighty-five degrees Celsius for about one hour. 

[0062] Coatings, derived from the above-described solutions, on coupons and stents were tested in various ways. 
First, as a qualitative test, coated coupons and stents were dipped in toluidine blue solution and then were 
screened for the presence of a purple stain. As mentioned above, the presence of a purple stain in this assay indicates 
the presence of heparin in the sample being assayed. Additionally, the intensity of the purple stain observed in 
this assay is proportional to the amount of heparin in the sample. Therefore, a comparison of the intensities of the 
purple stains produced in this assay by a set of samples allows an assignment of the relative amounts of heparin 
comprised by the coatings of those samples. 

[0063] As a quantitative test for heparin activity, a heparin activity assay was conducted according to a 
conventional thrombin inhibition assay technique. The heparin assay permitted determination of the ability of the 
heparin coating to deactivate thrombin and thus to provide throm bo resistance. The purpose of the protocol was to 
assay for heparin activity based on thrombin inhibition. A number of different reactions are understood to take 
place in order to determine heparin activity. In the first reaction: 

Heparin + ATIII (excess) — [Heparin* ATIN] 

Heparin reacts with Human Antithrombin III ("ATIII") to yield a Heparin-Antithrombin III complex. In the second reaction: 

[Heparin'ATIII] + Thrombin (excess) — [Heparin'ATIirThrombin] +Thrombin 

the Heparin-Antithrombin complex reacts with Thrombin to yield a Heparin-Antithrombin-Thrombin complex. In the third 
reaction: 

S2238 + Thrombin — peptide + p-nitroaniline (measured at 405 nm) 

the amount of the thrombin was measured. As a result, the size of the p-nitroaniline peak measured at 405 nm is 
inversely proportional to the amount of heparin present. 

Examples 

[0064] The invention now being generally described, it will be more readily understood by reference to the 
following examples which are included merely for purposes of illustration of certain aspects and embodiments of the 
present invention, and are not intended to limit the invention. 



General Procedures 
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[0065] In the following examples, heparin activity on coated coupons or stents was measured after exposing the 
coated object to a continuous flow of saline at thirty-seven degrees Celsius for a selected time period. Stainless 
steel coupons and scents were cleaned before coating. The coupons or stents were cleaned with several organic 
solvents such as hexane and isopropanol, followed by rinsing with distilled water. The cleaning procedure was 
carried out in an ultrasonic bath for fifteen minutes. After this procedure, the coupons or scents were placed in 
sodium hydroxide solution (1.0 N) for fifteen minutes and then washed thoroughly with distilled water. Samples were 
air dried before coating. 

[0066] It should be noted that thrombin inhibition assay techniques are notoriously subject to significant 
sample error accordingly, it is not unusual to obtain variable experimental results for a given sample. The 
examples below identify results for multiple samples under a variety of conditions and thus indicate in the 
aggregate that the coatings described herein are likely to provide therapeutic levels of throm bo resistance. However, 
results from any single formulation were found to vary somewhat depending on particular sample conditions. In cases 
where more than one set of data is provided for a given sample, the individual data sets reflect measurements taken 
at distinct positions on that sample; the data sets in these cases, therefore, do not necessanly reflect a lack of 
precision in the measurements. 

Example 1 

[0067] Stainless steel coupons were coated with a formulation of 1% heparin-TDMAC complex, 2% silane and 97% 
THF. The coupons were dipped once in' the formulation, with a dwell time of five seconds at a coating speed of 10 
in/min, to give a single layer of coating. Results are set forth in Table 2. 

Table 2 



Sample 


Activity, mU/cm 2 a 




Unwashed 


7 days wash 


97-080-90C 


<10 


<10 


97-080-90C 


<15 


<10 


97-080-90D 


<15 


<5 


97-080-90D 


<15 . 


<5 



30 

The coating showed toluidine blue stain before and after washing with water. The coating showed heparin activity 
after one week of exposure to saline. 

Example 2 

35 

[0068] Stainless steel coupons were dipped once, at coating speeds of 10 in/min and 42 in/min and for a dwell 
time of five seconds, and resulting in single layer coatings of different thickness, in the following formulations: 
1) 7% heparin-TDMAC complex, 2% silane and 91% THF and a small amount of Triton; and 2) 2% hepann-TDMAC 
complex 2% silane and 96% THF and a small amount of Triton. Sample pieces were cut from coupons and were either 
washed 'or not washed before being measured under the indicated conditions after the indicated amounts of time. 
40 Results are set forth in Table 3: 



Table 3 



45 



Sample 


Activity. mU/cm 2 a 




1 day unwashed 


2 days unwashed 


1 day wash 


2 days wash 


/ days wash 


97-1 00-9A 


<50 


<75 


<15 


<25 


<25 


97-1 00-9A 


<50 


<75 


<15 


<25 


<25 


97-100-9B 


<50 


<75 


<25 


<50 


<50 


97-100-9B 


<75 


<75 


<15 


<50 


<10 



50 

A toluidine blue stain was present before and after washing, and the coupon showed heparin activity after seven days 
of washing. Combined with Example 1, the results showed that heparin activity can be varied using different coating 
formulations and coating processes. 

55 

Example 3 

[0069] Stainless steel coupons were dipped once, at speeds of 10 in/min and 42 in/min, and for dwell times of 



-8- 
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five seconds, two minutes and fifteen minutes, and resulting in coatings of different thickness, in the following 
formulations: 1) 7% h e pari n-TD MAC complex, 2% silane and 91% THF and a small amount of Triton; and 2) 2% 
heparin-TDMAC complex, 2% silane and 96% THF and a small amount of Triton. Results are shown in Table 4. 

Table 4 



Sample 


Activity, m(J/cm 2 a 




1 day unwashed 


1 day wash 


7 days wash 


97-1 00-1 5A 


<150 


<10 


<5 


97-1 00-1 5A 


<100 


<10 


<10 


97-1 00-1 5B 


<50 


<10 


<25 


97-1 00-1 5B 


<25 


<1 


<25 


97-1 00-1 5C 


<75 


<25 




97-1 00-1 5C 


<100 


<50 




97-100-1 5D 


<150 


<50 




97-1 00-1 5D 


<150 


<50 




97-1 00-1 5E 


<150 


<10 


<10 


97-1 00-1 5E 


<150 


<25 


<25 


97-1 00-1 5F 


<150 


<10 


<25 


97-1 00-1 5F 


<200 


<25 


<25 


97-1 00-1 5G 


<150 


<25 




97-1 00-1 5G 


<150 


<25 




97-1 00-1 5H 


<150 


<50 




97-1 00-1 5H 


<150 


<50 




97-100-151 


<200 


<100 


<50 


97-100-151 


<200 


<75 


<75 - 


97-1 00-1 5 J 


<200 


<100 




97-1 00-1 5J 


<250 


<100 





Seven day results were for certain pieces measured at the one day point and then placed back into a flusher for 
additional days of washing. Toluidine blue stains were present before and after wash, with shades differing with 
thickness. Heparin activity was present after seven days of washing. In combination with Examples 1 and 2, this 
example demonstrated that heparin activity can be varied using different coating formulation and coating processes. 

Example 4 

[0070] Stainless steel coupons were dipped once, at speeds of 10 in/min for dwell times of one-half, one, two, 
five, ten and fifteen minutes, in the following formulation: 2% heparin-TDMAC complex, 2% silane. 96% THF and a 
small amount of Triton, Certain coupons were dipped into toluidine blue solution and rubbed under water. The coupons 
were then redipped in toluidine blue and checked for the presence of a stain. Results are shown in Table 5. 



Table 5 



Sample 


Appearance 


Toluidine blue stain before rub test 


Toluidine blue stain after rub test 


97-100-30A 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30B 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30C 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30D 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30E 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30F 


Good coating, thin 


Dark gritty stain 


Uniform, light, some peeling 



[0071] A qualitative assessment of the effect of different solvents on coating was also performed, by dipping a 
coated sample in solvent for 60 seconds and then washing it with water and staining it with toluidine blue. Results 
are shown in Table 6. 
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Table 6 



Sample 


Solvent 




IPA 


Toluene 


Hot water (high pressure 
flow) 


Hot water (high) pressure 
flow) 


Acetone 


97-100- 
30G 


Good purple 
stain 


No 
stain 


Light stain 


Light stain 


Good 
stain 



10 Heparin activity is displayed in Table 7. 



Table 7 



15 



25 



Sample 


Activity, mU/cm 2 a 




1 day unwashed 


1 days wash 


97-100-30A 


<150 


<25 


97-100-30A 


<150 


<25 


97-100-30B 


<75 




97-100-30B 


<75 




97-100-30C 


<50 




97-100-30C 


<50 




97-100-30D 


<50 


m 


97-100-30D 


<50 


w 


97-100-30E 


<10 




97-100-30E 


<25 




97-100-30F 


<10 




97-100-30F 


<25 




97-1 00-30G 


<25 


<25 


97-100-30G 


<25 


<25 



[0072] This example indicated that coating thickness maybe dependent on dwell time, that rubbing does not 
35 remove the coating as indicated by stains after rubbing, that washing with various solvents has a different effect on 
coating durability, and that heparin activity was present after washing. The example provided further evidence that 
heparin activity can be varied using different coating processes. 

Example 5 

40 [0073] Stainless steel coupons were dipped once, at speeds of 10 in/min, and for dwell times of two and fifteen 
minutes, in the following formulations: 1) 2% heparin-TDMAC complex, 4% silane and 94% THF and a small amount of 
Triton; 2) 2% heparin-TDMAC complex, 8%, silane and 90% THF and a small amount of Triton; 3) 4% heparin-TDMAC 
complex, 4% silane and 92% THF and a small amount of Triton; and 4) Diluted 4% heparin-TDMAC complex, 4% silane 
and 92% THF and a small amount of Triton. 

45 [0074] Coated coupons were dipped in toluidine blue solution and rubbed with fingers underwater, then redipped 
in .toluidine blue and checked for stains. Results are displayed in Table 8. Heparin activity for this example is 
displayed in Table 9. 

[0075] This example demonstrated that for thin coatings thickness is not strongly dependent on dwell time. Also, 
rubbing does not remove the coating, as indicated by stains after rubbing. Long term durability of the coating is 
evident from heparin activity results. Again, heparin activity can be varied using different coating formulation and 
50 processes. 



Table 8 
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Sample 


Appearance 


Toluidine blue stain before rub test 


Toluidine blue stain after rub test 


97-100-36A (2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36A(15 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36B(2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36B(15 min) 


Good coating 


Uniform stain 


Uniform 
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Sample 


Appearance 


Toluidine blue stain before rub test 


Toluidine blue stain after rub test 


97-100-36C (15 min) 


Good coating 


Very thick, gritty 


Uniform, some peeling 


97-100-36C (15 min) 


Good coating 


Very thick, gritty 


Uniform, some peeling 


97-100-36D (2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36D (15min) 


Good coating 


Uniform stain 


Uniform, some peeling 



Table 9 



Sample 


Coating (%/% 
heptdmac/silane 


Activity, mU/cm 2 a 






1 day 
unwashed 


30 days 
unwashed 


1 day 
wash 


30 days 
wash 


87 days 
wash 


97-100-36A(2 
min dwell) 


2.0/4.0 


<150, <125 


<50 


<25, 
<25 


<5 


<1, <1 


97-100-36B(2 
min) 


4.0/8.0 

i 


<25, <25 


<25 


<25, 
<25 


<5 


<1, <1 


97-100-36C (2 
min) 


4.0/4.0 


<175, <150 


<150 


<50, 
<25 


<5 


<1, <1 


97-100-36C (2 
min) 


Diluted, 4.0/4.0 


<50 ( <100 


<150 


<25 ( 
<25 


<5 


0, <1 



Example 6 



[0076] Stainless steel coupons were dipped once, at speeds of 10 in/min and for a dwell time of two minutes, in 

the following formulation: 2% heparin-TDMAC complex, 2% silane and 96% THF and a small amount of Triton. The 

coupons were then either left unsterilized, or sterilized with ethylene oxide or gamma radiation. 

[0077] Results for non-sterile coupons are in Table 10. 

[0078] Results for ethylene oxide sterile coupons are in Table 11. 

[0079] Results for gamma radiation sterilized coupons are in Table 12. 

[0080] The resulting coatings were thin, with long term durability as evident by heparin activity results. 
Sterilization did not appear to affect coating properties, regardless of the sterilization mode. 

Ta ble 1 0 



Sample 



Coating (%/% 
heptdmac/silane) 



Dip 



Activity, mU/cm a 



unwashed 7 
days 



Unwashed 28 
days 



7 days 
wash 



28 days 
wash 



97-100- 
66A 



2.0/2.0 



Single 



<125, <100 



>10. >12 



<10, <10 



<2. <1 



97-100- 
66E 



2.0/2.0 



Single 



<100, <125 



>10, >16 



<10, <10 



<1, 0 



Table 11 



Sample 


Coating (%/% heptdmac/silane) 


Dip 


Activity, mU/cm 2 a 








1 day unwashed 


14 days unwashed 


1 day 


1 4 days 


97-100-66A 


2.0/2.0 


Single 


>12 


>16, >16 


<15 


<2, <2 


97-1 00-66E 


2.0/2.0 


Single 


>12 


>16, >16 


<10 


<3, <2 
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Sample 


Coating (%/% 
heptdmac/silane) 


Dip 


Activity, mU/cm 2 a 














1 day 
unwashed 


14 days 
unwashed 


20 days 
unwashed 


1 day 
wash 


14 days 
wash 


20 
days 


97-100- 
66A 


2.0/2.0 


Single 


<200, 
<200 


>16 


>16 


<20, 
<20 


<1, <1 


<1. 
<2 


97-100- 
66E 


2.0/2.0 


Single 


<200, 
<200 


>16 


>16 


0,0- 


<2, <2 


<2, 
<2 
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[0081] Stainless steel coupons were dipped once, dipped twice, or dipped, washed, and then dipped again at 
coating speeds of 10 in/min and for dwell times of two minutes, in the following formulations: i, 1 > ^^{JfJ 
complex 0 5% silane, 99% THF & small amount of Triton; 2) 0.5% hepann-TDMAC complex, 2.0% silane 97 5 k THF & 
small amount of Triton' 3) 2.0% hepann-TDMAC complex, 0.5% silane, 97.5% THF & small amount of Triton; and 4) 
2.0% heparin-TDMAC complex, 2.0% silane, 96% THF & small amount of Triton, 
[0082] Heparin activity is shown in Table 13. 

r0083] The resulting thin coatings demonstrated heparin activity, including light stains before and after 
rubbing. The long term durability of the coatings were evident through heparin activity results. Coating properties 
were variable according to different coating methods. 



Sample 


Costing (%/% 
heptdmac/silane) 


Dip p 


Activity, ml)/cm 2 a 












12 days 
unwashed 


1 8 days 
unwashed 


12 day 
wash 


18 day 
wash 


26 day " 
wash 


72 day 
wash 


97- 

100- 

69A 


0.5/0.5 


Single 


>10 


<175 


0 


<5 




0 


97- 

100- 

69B 


0.5/0.5 


Double 


>10 


<150 


<2 


<2 




<1 


97- 

100- 

69C 


0.5/0.5 


Dip/wash/Dip 


>10 


<125 


<2 


<2 


<1 


<1 


97- 

100- 

69D 


0.5/2.0 


Single 


<10 


<75 


<1 


<5 




<1 


97- 

100- 

69E 


0.5/2.0 


Double 


<5 


<5 


<1 


<5 




<1 


97- 

100- 

69F 


0.5/2.0 


Dip/wash/Dip 


<2 


<5 


<2 


<5 


<2 


<1 


97- 

100- 

69G 


2.0/0.5 


Single 




<15 




<5 




<1, 
<1 


97- 

100- 

69H 


2.0/0.5 


Double 




<5 




<5 




<1, 
<1 


97- 

100- 

69I 


2.0/0.5 


Dip/wash/Dip 




<2 




<5 


<2, 
<2 


0, <1 


97- 

100- 

69J 


2.0/2.0 


Single 




<150 




<5 




<1. 
<1 
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Sample 


Costina (%/% 
heptdmac/silane) 


DiD 


.Activity, mU/cm 2 a 








12 days 
unwashed 


18 days 
• unwashed 


12 day 
wash 


18 day 
wash 


26 day 
wash 


72 day 
•wash 


97- 

100- 

69K 


2.0/2.0 


Double 




<200 

> 




<5 




<1. 
<1 


97- 

100- 

69K 


2.0/2.0 


Dip/wash/Dip 




<250 




<5 

• 


<3, 
<2 


<1, 
<1 



Example 8 

[0084] Stainless steel coupons were dipped twice, or were dipped, washed, and dipped again, at speeds of 10 
in/min and for dwell times of two minutes, in the following formulations: 1) 0,5% heparin-TDMAC complex, 0.5% silane, 
99% THF; and 2) 0.5% heparin-TDMAC complex, 2.0% silane, 97.5% THF. The pH of the coatings was adjusted using 
acetic acid. 

[0085] Heparin activity as shown in Table 14. 

Table 14 



Sample 


Coating (%/% heptdmac/silane) 


Dip 


Activity, mU/cm 2 a 








1 day unwashed 


1 day 


43 days 


97-100-93A 


0.5/0.5 


Double 


<75 


<2 


<2,<1 


97-100-93B 


0.5/0.5 


Dip/wash/Dip 


<50 


<3 


<1, <1 


97-100-93C 


0.5/2.0 


Double 


<50 


<2 


<2, <2 


97-100-93D 


0.5/2.0 


Dip/wash/Dip 


<1 


<1 


<2 r <2 



[° 086 ] The resulting thin coatings demonstrated heparin activity, including light stains before and after 
rubbing. The long term durability of the coatings was evident through heparin activity results. Coating properties 
were variable according to different coating methods. 

Example 9 

[0087] Stainless steel coupons and stainless steel stents were dipped twice, or were dipped, washed with saline 
and distilled water, and dipped again, at coating speeds of 10 in/min and for dwell times of two minutes. Coating pH 
was adjusted using hydrochloric acid. Coatings derived from the following formulations were prepared: 1) 0.5% 
heparin-TDMAC complex, 0.5% silane, 99% THF; and 2) 0.5% heparin-TDMAC complex, 2.0% silane, 97.5% THF. , 
[0088] Heparin activity is shown in Table 15. 

[0089] Persistence of heparin activity after an increasing number of days suggests that most unattached heparin 
washes away immediately, but that attached heparin does not easily wash away even after prolonged exposure. 
[0090] Activity on stents is disclosed in Table 16. 

4 



Table 15 



Sample 


Coating (%/% 

heptdmac/ 

silane 


Dip 


Activity, mU/cm 2 a 








1 day 
unwashed 


11 days 
unwashed 


1 day 
washed 


11 

days 
wash 


25 days 
wash 


43 

days 

wash 


97- 

100- 

92A 


0.5/0.5 


Double 


<25 


<25, <25 


<2 


<1, 
<1 


<1.<1, 
<5, <2, 
<2, <2 




97- 
100- 
92 B 


0.5/0.5 


Dip/wash/Dip 


<25 


<10, <25 


<2 


<1, 
<1 


<2, <2, 
<2. <2, 
<1, <2 
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Sample 


Coating (% / % 

heptdmac/ 

siiane 


Dip 


Activity, mU/cm 2 a 








1 day 
unwashed 


11 days 
unwashed 


1 day 
washed 


11 

days 
wash 


25 days 
wash 


43 

days 

wash 


97- 

100- 

92D 


0.5/2.0 


Double 


<10 




<5 




<5, <2 


<1, 
<2 


97- 

100- 

92E 


0.5/2.0 


Dip/wash/Dip 


<25 




<2 




<2, <2 


<1 <1 



Table 16 



Sample 


Coating (% /% heptdmac/siiane 


Dip 


Activity, m(J/cm 2 a 








1 day unwashed 


1 day 


97-100-92C 


0.5/0.5 


Dip/wash/Dip 


<125 


<50 


97-100-92F 


0.5/2.0 


Dip/wash/Dip 


<50 


<50 



[0091] The resulting thin coatings showed light stains before and after rubbing. The coatings were durable as 
evident from heparin activity results. Coating properties were variable depending on different coating methods. 

Example 10 

[0092] Stainless steel coupons and stainless steel sterns were dipped, washed with IPA and dipped again, at 
coating speeds of 10 in/min and for a dwell time of two minutes, in the following formulations: 1) 0.1% heparin- 
TDMAC complex. 0.5% siiane, 99.4% THF; and 2) 0.2% heparin-TDMAC complex, 0.5% siiane, 99.3% THF. 
[0093] Heparin activity on coupons is shown in Table 17. 

Table 17 



Sample 


Coating (% / % 
heptdmac/siiane 


Dip 


Activity, mU/cm 2 a 








2 days 
unwashed 


2 days 
wash 


34 days 
wash 


97-101-25A, Red 


0.1/0.5 


Double 


<25 


<1 


<2 


97-101-25A, Red 


0.1/0.5 


Double 


<25 


<1 


<2 


97-101-25B, 
green 


0.1/0.5 


Dip/wash/dip 


<75 


0 


<2 


97-101-25B, 
green 


0.1/0.5 


Dip/wash/dip 


<50 


0 


<2 


97-101-25C, 
yellow 


0.2/0.5 


Double 


<50 


<1 


<5 


97-101-25C, 
yellow 


0.2/0.5 


Double 


<25 


<1 


<5 


97-101-25D, 
brown 


0.2/0.5 


Dip/wash/dip 


<50 


<1 


<2 


97-101-25D, 
brown 


0.2/0.5 


Dip/wash/dip 


<25 


<1 


<2 



[0094] Hepain activity on sterns is shown in Table 18 
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Table 1 8 



Sample 


Coating (% / % 

1 icjjiui i taw olid I lc 


Dip 


Activity, mU/cm 2 a 








2 days 
unwashed 


2 days 
wash 


16 days 
wash 


97-101-25A, Red 


0.1/0.5 


Double 


<225 


<5 


<2 


97-101-25A, Red 


0.1/0.5 


Double 


<225 


0 


<3 


97-101-25B, 
green 


0.1/0.5 


Dip/wash/dip 


<125 


<1 


<2 


97-101-25B, 
green 


0.1/0.5 


Dip/wash/dip 


<100 


0 


<5 


97-101-25C, 
yellow 


0.2/0.5 


Double 


<200 


<15 


<3 


97-101-25C, 
yellow 


0.2/0.5 


Double 


<100 


<5 


<10 


97-101-25D, 
brown 


0.2/0.5 . 


Dip/wash/dip 


<200 


<5 


<10 


97-101-25D, 
brown 


0.2/0.5 


Dip/wash/dip 


<225 


<10 


<5 



[0095] The resulting thin coatings showed light stains before and after rubbing. The coatings were durable as 
evident from heparin activity results. Coating properties were variable depending on different coating methods. 

Example 11 

[0096] Stainless steel stents were dipped once, at coating speeds of 10 in/min and for dwell times of five 
seconds and two minutes, in the following formulations: 1) 4.0% heparin-TDMAC complex, 8.0% silane, 88% THF, small 
amount of Triton; 2) 4.0% heparin-TDMAC complex, 4.0% silane, 92% THF, small amount of Triton; and 3) 2.0% 
heparin-TDMAC complex, 2.0% silane, 96% THF, small amount of Triton. 
[0097] Heparin activity is shown in Table 19. 

Table 19 



Sample 


Coating (% / % heptdmac/silane 


Dip 


Activity, mU/cm 2 a 








Unwashed 


3/4 days 


97-100-50A 


4/8 


Single 


<175 


<50 


97-101-50B 


4/4 


Single 


<150 


<125 


97-100-54B 


2/2 


Single 


<225 


<25 (4 days) 



Again, coating properties varied using different coating methods. 
Example 12: 

[0d98] Stainless steel sterns were dipped twice, at coating speeds of 10 in/min and at a dwell time of two 
minutes, in the following formulations: 1) 0.2% heparin-TDMAC complex, 0.5% silane; 2) 0.5% heparin-TDMAC 
complex, 0.5% silane; 3) 0.5% heparin-TDMAC complex, 1.0% silane; 4) 1.0% heparin-TDMAC complex, 1.0% silane; 
and 5) 1.0% heparin-TDMAC complex, 2.0% silane. Stents were either left unsterilized or were sterilized with gamma 
radiation. 

[0099] Table 20 shows results for non-sterile stents. 

Table 20 



Sample # 


Coating (% /% heptdmac/silane) 


Dip 


Activity, mU/cm 2 a 








4 days unwashed 


4 days 


97-101-86A 


0.2/0.5 


Double 


<100 


<1 


97-101-86A 


0.2/0.5 


Double . 


<125 


<1 


97-101-86B 


1.0/2.0 


Double 


• <200 


<10 
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Sample # 


Coating (% / % heptdmac/silane) 


Dip 


Activity, mU/cm 2 a 








4 days unwashed 


4 days 


97-101-86B 


1.0/2.0 


Double 


<225 


<5 


97-101-86C 


1.0/1.0 


Double 


<225 


<5 


97-101-86C 


1.0/1.0 


Double 


<225 


<5 


97-101-86D 


0.5/1.0 


Double 


<200 


<5 


97-101-86D 


0.5/1.0 


Double 


<225 


<5 


97-101-86E 


0.5/0.5 


Double 


<225 


<5 


97-101-86E 


0.5/0.5 


Double 


<200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


<125 


<1 


97-101-86F 


0.5/1.0 Sutton 


Double 


<125 


<5 



[0100] Table 21 shows activity for sterile stents. 



Table 21 



Sample # 


Coating (% / % heptdmac/silane) 


Dip 


Activity, mll/cm 2 a 








4 days unwashed 


4 days 


97-101-86A 


0.2/0.5 


Double 


>200 


<1 


97-101-86A 


0.2/0.5 


Double 


>200 


<5 


97-101-86B 


1.0/2.0 


Double 


>200 


<10 


97-101-86B 


1.0/2.0 


Double 


>200 


<5 


97-101-86C 


1.0/1.0 


Double 


>200 


<10 


97-101-86C 


1.0/1.0 


Double 


>200 


<10 


97-101-86D 


0.5/1.0 


Double 


>200 


<5 


97-101-86D 


0.5/1.0 


Double 


>200 


<5 


97-101-86E 


0.5/0.5 


Double 


>200 


<5 


97-101-86E 


0.5/0.5 


Double 


>200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


>200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


>200 


<5 



Sterilization showed no effect on coating properties. The coatings were durable on stents, as evident by heparin 
activity alter several days of washing. 

Example 13 

[0101] Several coupons and stents were coated with 0.2% heparin-TDMAC complex, 0.5% silane and 99.3% THF. 
These pieces were sterilized by gamma radiation and sent to NAMSA for biocompatibility testing. Three tests, 
Hemolysis, Cytotoxicity and Thromboresistance, were conducted. The coating passed all three tests. 
[0102] In addition to the foregoing examples, various other methods and coatings may be envisioned in the spirit 
of the present disclosure. For example, heparin might be covalently linked to a substrate with a silane identified 
as capable of being soaked into a stainless steel surface. The silane compound could have amino or epoxy terminal 
groups. The silane could thus be used to link heparin molecules to the substrate in a manner similar to the silane 
of isocyanate functionality disclosed herein. Heparin could then be prepared with an aldehyde positive group that 
mixed with an NH2 group to provide an end* linkable to heparin without affecting its activity. The procedure to make 
degraded heparin is well known to those of ordinary skill in the art. 

[0103] A coating system may also be provided in which heparin can be covalently linked or can be incorporated 
into a matrix to obtain variable rate of elution. A silicon fluid, such as Dow Corning MDX 4-4159 is used, with the active 
silicon being an amino functional polydimethyl siloxane copolymer. The coating maybe used to coat stainless steel 
guide wires. This working can be utilized for heparin covalent-bonding as described below. 
\ [0104] First, a solution of heparin (deaminated) in water or other solvent may be provided. A wire coated with a 
silicon fluid in a solvent may be placed in the solution for some time, for example two hours. The heparin has an 
aldehyde group that can link to the amino functionality in the silicon copolymer. Other amino functionalized silicon 
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polymers, or copolymers, can be used to achieve covalent bonding of heparin to the substrate. 

[0105] Having now fully described this invention, it will be understood to those of ordinary skill in the art 
that the same can be performed within a wide and equivalent range of conditions, formulations, and other parameters 
without affecting the scope of the invention or any embodiment thereof. All patents and publications cited herein 
are fully incorporated by reference herein in their entirety. 

Claims 

1. A process for coating a medical device with a silane or siloxane having at least one functional group selected 
from the group consisting of an isocyanate, an isothiocyanate, an ester, an anhydride, an acyl halide, an alkyl 
halide, an epoxide and an aziridine, comprising plasma depositing said silane or said siloxane. 

2. The process of claim 1, further comprising contacting said silane-coated or siloxane-coated medical device with 
a biopolymer. 

3. The process of claim 2, wherein said biopolymer is capable of forming a covalent bond with said silane or said 
siloxane. 

4. The process of claim 2, wherein said biopolymer provides thromboresistance. 

5. The process of claim 2, wherein said biopolymer is derived from the group consisting of heparin- 
tridodecylmethylammoniurn chloride, heparin-benzalkonium chloride, heparin-steralkonium chloride, heparin- 
poly-A/-vinyl-pyrrolidone, heparin-lecithin, heparin-didodecyldimethylammonium bromide, heparin-pyridinium 
chloride, and heparin-synthetic glycolipid complex. 

6. The process of claim 5, wherein said biopolymer is derived from heparin-tridodecylmethylammonium chloride. 

7. The process of claim 1 , wherein said functional group is an isocyanate. 

8. The process of claim 7, further comprising contacting said silane-coated or siloxane-coated medical device with 
a biopolymer. 

9. The process of claim 8, wherein said biopolymer provides thromboresistance: 

10. The process of claim 9, wherein said biopolymer is derived from the group consisting of heparin- 
tridodecylmethylammonium chloride, heparin-benzalkonium chloride, heparin-steralkonium chloride, heparin- 
poly-A/-vinyl-pyrrolidone, heparin-lecithin, heparin-didodecyldimethylammonium bromide, heparin-pyridinium 
chloride, and heparin-synthetic glycolipid complex. 

11. The process of claim 10, wherein said biopolymer is derived from beparin-tridodecyirnethylammonium chloride. 

12. The process of claim 1, wherein said medical device comprises a material selected from the group consisting of 
stainless steel, nitinol, tantalum, glass, ceramic, nickel, titanium and aluminum. 

13. The process of claim 12, wherein said medical device further comprises a polymer covering. 

14. The process of claim 13, wherein said polymer is selected from the group consisting of polytetrafluoroethylene 
and expanded polytetrafluoroethylene, fluorinated ethylene . propylene, pdlytetrafluorbethvlene-perfluoroalkyl 
vinyl ether copolymer, polyvinylchloride, polypropylene, polyethylene terephthalate, potyurethane, polyureas, 
fibrins, silicone and broad fluoride. 

15. The process of claim 14, further comprising contacting said silane-coated or siloxane-coated medical device 
t with a biopolymer. 

16. The process of claim 15, wherein said biopolymer provides thromboresistance. 

17. The process of claim 16, wherein said biopolymer is derived from the group consisting of heparin- 
tridodecylmethylammonium chloride, heparin-benzalkonium chloride, heparin-steralkonium chloride, heparin- 
poly-/v-vinyl-pyrrolidone, heparin-lecithin, heparin-didodecyldimethylammonium bromide, heparin-pyridinium 
chloride, and heparin-synthetic glycolipid complex. 

18. The process of claim 17, wherein said biopolymers derived from heparin-tridodecylmethylammonium chloride. 

19. The process of claim 1, wherein said medical device is selected from the group consisting of a stent, a 
catheter and a prosthesis. 

20. The process of claim 19, wherein said stent is an expandable stent. 
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21. A coated medical device, comprising: 

a n. a « ma deoosited coating of a silane or a siloxane either having at least one functional group selected 
taKL^S?SS?«» an isocyanate, an isothiocyanate, an ester, an anhydride, an acyl hal.de, an 
5 alkyl halide, an epoxide and an azindine. 

22. The coated medical device of claim 21 , wherein said functional group is an isocyanate. 

23. The coated medical device of claim 21, further comprising a biopolymer covalently linked to said silane or said 
10 siloxane. 

24. The coated medical device of claim 23, wherein said biopolymer provides thromboresistance. 

25. The coated medical device of claim 24, wherein said biopolymer is derived from heparin. 

15 26 The coated medical device of claim 23, wherein the biopolymer comprises an adduct of heparin molecules. 

20 bromide, heparin-pyridinium chloride, and hepann-synthenc glycohpid complex. 

28. The coated medical device of claim 27, wherein the biopolymer is derived from heparin- 
tridodecylmethylammonium chloride. 

29. The coated medical device of claim 21, wherein said silane or said siloxane further comprises a linking group 
25 between the silicon atom and said functional group. 

30. The coated medical device of claim 21. wherein said device is selected from the group consisting of a stent, a 
catheter and a prosthesis. 

31. The coated medical device of claim 30, wherein said stent is an expandable stent. 

30 32 The coated medical device of claim 21, wherein said medical device comprises a material selected from the group 
aSSSSSSSSSm steel, nitinol, tantalum, glass, ceramic, nickel, titanium and aluminum. 

33. The coated medical device of claim 32, wherein said medical device further comprises a polymer covering. 

3= 34. The coated medical device of claim 33 wherein said polymer is selected from the group coning of 

terephthalate, polyurethane, polyureas, fibrins, silicone and broad fluoride. 

selected from the group consisting, of an isocyanate an eothiocyanat^ to form a covalent 

an alkyl halide, an epoxide and an azindine. which has been reacted with a Diopoiymer w 

attachment. 

<s 36. A ******** »«. compnsino a £ 3? h£. m 

process of claim 1 1 or claim 20. 
37 A process for coating a medical device with a thromboresistant material, comprising: 

ass : nzm ~ « 

epoxide and an aziridine in a solvent to form a solution; 

(b) exposing a medical device having a polymeric covering to said solution to at least partially penetrate 
55 sa j d polymeric covering with said silane or said siloxane, 

(c) removing said solvent; and 



-18- 



EP 0 982 041 A1 



(d) contacting said at least partially penetrated silane or said at least partially penetrated siloxane with 
a thromboreistant biopolymer having at least one amino or hydroxyl functionality. 



38. The process of claim 37, wherein said solvent is selected from the group consisting of 2-propanol, toluene 
xylene, acetone, DMF, THF, dimethylacetamide, CH 2 CI 2 and Freon, or a mixture or blend thereof. 

39. The process of claim 37, wherein said polymeric coating is selected from the group consisting of 
polytetrafluoroethylene expanded polytetrafluoroethylene, fluorinated ethylene propylene, polytetrafiuoroethylene- 
perfluoroalkyl vinyl ether copolymer, polyvinylchloride, polypropylene, polyethylene terephthalate, polyurethane, 
polyureas, fibrins, silicone and broad fluoride. 

40. A process for coating a medical device with a thromboresistant material, comprising: 

(a) contacting a silane or a siloxane either of which having a functional group selected from the group 
consisting of an isocyanate, an isothiocyanate, an ester, an anhydride, an acyl halide, an alkyl halide, an 
epoxide and an aziridine with a thromboresistant biolpolymer having an amino or hydroxyl functional group to 
form said thromboresistant material; 

(b) dissolving said thromboresistant material in a solvent to form a solution; 

(c) exposing a medical device having a polymeric covering to said solution to penetrate said polymeric 
covering with said thromboresistant material; and 

(d) removing said solvent. 



41. The process of claim 40, wherein said solvent is selected from the group consisting of 2-propanol, toluene, 
xylene, acetone, DMF, THF, dimethylacetamide, CH 2 CI 2 and Freon, or a mixture or blend thereof. 

42. The process of claim 40, wherein said polymeric coating is selected from the group consisting of 
polytetrafluoroethylene, expanded polytetrafluoroethylene, fluorinated ethylene propylene, 
polytetrafiuoroethylene-perfluoroalkyl vinyl ether copolymer, polyvinylchloride, polypropylene, polyethylene 
terephthalate, polyurethane, polyureas, fibrins, silicone and broad fluoride. 

43. A coated medical device, comprising a silane or siloxane, either having a functional group selected from the 
group consisting of an isocyanate, an isothiocyanate, an ester, an anhydride, an acyl halide, an alkyl halide, an 
epoxide and an aziridine, which has been reacted with a biopolymer to form a covalent attachment, produced by the 
process of claim 40 or claim 37. 

44. The coated medical device of claim 43, which is a stent, a catheter or a prosthesis. 

45. The coated medical device of claim 44, which is a stent. 

46. The coated medical device of claim 45, which is an expandable stent. : 
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